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The potential of resonant inelastic soft x-ray scattering to measure 4f crystal electric-field excitation spectra in
Ce Kondo lattices has been examined. Spectra have been obtained for several Ce systems and show a well-defined
structure determined by crystal-field, spin-orbit, and charge-transfer excitations only. The spectral shapes of the
excitation spectra can be well understood in the framework of atomic multiplet calculations. For CeCu2Si2 we
found notable disagreement between the inelastic x-ray-scattering spectra and theoretical calculations when using
the crystal-field scheme proposed from inelastic neutron scattering. Modified sets of crystal-field parameters yield
better agreement. Our results also show that, with the very recent improvements of soft x-ray spectrometers in
resolution to below 30 meV at the Ce M4,5 edges, resonant inelastic x-ray scattering could be an ideal tool to
determine the crystal-field scheme in Ce Kondo lattices and other rare-earth compounds.
DOI: 10.1103/PhysRevB.93.165134
I. INTRODUCTION
Rare-earth (RE) intermetallic compounds attract much
attention due to their peculiar electrical, magnetic, and thermal
properties. The physics of these systems is mainly determined
by the highly correlated electrons in the 4f shell which can
hybridize with the wave functions of the surrounding atoms,
often resulting in a complex competition between a localized
and itinerant nature of the 4f states [1]. This competition is
particularly intriguing in Ce and Yb systems where the close
to one electron or hole occupancy of the 4f shell promotes the
formation of Kondo lattices [2]. A precise understanding of 4f
based Kondo lattice systems requires knowledge of the crystal
electric-field (CEF) scheme, i.e., the splitting of the 4f levels
induced by the surrounding charges in the crystal. Recently
excited CEF states were even proposed to be at the origin of
some of the observed quantum critical points (QCPs) because
they induce a metaorbital transition [3–5].
Depending on its symmetry and strength, the CEF potential
splits the spin-orbit (SO) multiplets in states of different
symmetry and energy. However, determining energy and
symmetry of the excited CEF states in a Kondo lattice close to
a QCP frequently turned out to be very difficult and unreliable
using standard approaches. Such systems have inherently a
large Kondo energy scale, which results in broad transitions
and thus leads to broad maxima in inelastic neutron scattering
(INS), the standard approach to determine the energy of CEF
levels. Separating these broad CEF features from the response
of the phonons, which are typically in the same energy range,
is difficult. In addition, the excitation energy range in INS is
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typically limited to 60 to 100 meV, which is sometimes not
enough to get a complete picture of the CEF scheme [6].
Resonant inelastic x-ray scattering (RIXS) at the rare-earth
M4,5 edges does not suffer from the phonon problem because
of the only indirect coupling to the lattice and has no upper
limit in excitation energy. Because of its high sensitivity RIXS
does not require large samples of cm3 size, which are often
difficult to grow as single crystals. It could therefore offer a
new opportunity to address the CEF scheme of RE ions as it has
already done for transition-metal compounds, where the CEF
splittings are of the order of 1 eV (see, for instance, Ref. [7]
and citations therein).
Up to now, the energy resolution achieved in soft x-ray
RIXS [8] has not been sufficient to encourage respective RIXS
experiments and very few data are available. A new generation
of RIXS spectrometers which are being installed or start
operation at several synchrotrons worldwide now achieves or
will achieve an energy resolution better than 30 meV at the Ce
M4,5 edges, which is in most cases sufficient to resolve the CEF
splittings and construct the CEF scheme in Ce Kondo lattices.
Here, we study the potential of Ce M5 RIXS to probe spin-orbit
and CEF excitations in several Ce compounds with tetragonal
symmetry. Our results show a high sensitivity of RIXS to
these 4f excitations, which can be measured essentially free of
any background and with no upper limit in the energy of the
excitations.
II. 4 f EXCITATIONS IN RESONANT INELASTIC
X-RAY SCATTERING
RIXS is a second-order process described by a Kramers-
Heisenberg formula [7]. A core-level electron is resonantly
excited into the valence states, leaving an intermediate state
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FIG. 1. (a) Scheme of the SO and CEF splitting of the 4f states
for a Ce3+ ion in a tetragonal CEF (D4h symmetry) and the dominant
elastic and inelastic x-ray-scattering processes at the Ce M5 edge.
(b) The expected shape of the RIXS spectrum when measured with
∼260-meV resolution.
with a core hole which relaxes into the final state by radiative
decay of the core hole. The process is element and orbital
specific by tuning the incident photon energy to a specific
x-ray-absorption resonance and selecting the appropriate
light polarization. A spectrometer is used for measuring the
energy and momentum of the scattered photons and thus
characterizing the excitations in the material. Because of the
high incident photon energy there is no practical upper limit
for the energy up to which excitations can be probed.
The 4f excitations in Ce ions are best probed at Ce
M4,5 absorption edges where the dipole selection rules allow
direct transition from the Ce 3d to the 4f states and back.
Note that although the excitation and de-excitation processes
obey the dipole selection rules the entire RIXS process does
not. For Ce 3d → 4f → 3d RIXS three processes can be
conceived to give a significant spectral contribution, which are
schematically shown in Fig. 1(a).
(1) Elastic scattering. The electron excited into the Ce 4f
shell falls back into the 3d shell to fill the created core hole.
The energies of the incoming and outgoing x-ray photons are
the same, i.e., no energy has been lost in the sample during the
scattering process.
(2) 4f excitations. The core hole in the 3d shell left after
excitation of a 3d electron into an unoccupied 4f level is filled
by another electron already present in the 4f shell. Comparing
the initial and final state this corresponds to promotion of
an electron from the CEF/SO ground state into an excited
state and the energy loss experienced by the scattered photon
corresponds to the energy separation between the CEF and SO
split levels, which allows us to measure the CEF scheme of
the 4f shell. Ce compounds usually possess an intermediate
valent ground state with sizable 4f 0 and 4f 1 contributions.
The 4f 2 contribution is typically very small because of the
strong Coulomb repulsion Uff in the 4f shell. This makes the
interpretation of the 4f excitation spectrum very simple. No 4f
excitations are expected for the 4f 0 configuration because for
an empty 4f shell in the ground state the intermediate state 3d
core hole cannot be filled by another than the excited electron
itself. For the 4f 1 configuration and low enough temperatures
only the CEF ground state is populated and all excitations
correspond to transitions from this level to higher SO and CEF
states. The SO and CEF induced splittings of the 4f levels in
Ce ions are shown schematically in Fig. 1(a). SO interaction
splits the 4f shell into a threefold degenerate J = 5/2 level
and a fourfold degenerate J = 7/2 level. In Ce these two J
levels are separated by about 265 meV. The presence of a
CEF leads to a further splitting of each of the two J levels
in the order of a few tens of meV. The splittings depend both
on the symmetry and the strength of the CEF potential. A
cubic crystal field lifts the degeneracies within the two J levels
only partially, causing a doublet-quartet and a doublet-quartet-
doublet structure for the 2F5/2 and 2F7/2 levels, respectively.
In a tetragonal CEF the degeneracies are fully lifted, leading to
a splitting into three and four Kramers doublets, respectively.
Hence in a tetragonal crystal lattice one would expect six 4f
excitations to contribute to the RIXS spectrum, in addition to
the elastic scattering: two into the two excited 2F5/2 Kramers
doublets and four for the 2F7/2 Kramers doublets.
(3) Charge-transfer (CT) excitations. Because of the hy-
bridization of the 4f levels with ligand valence states, i.e.,
a finite hopping term between the 4f and the valence states,
the 3d core hole in the intermediate state can also be relaxed
involving a valence electron even though a direct transition
would generally be dipole forbidden [9]. This process could
be expected to be best seen for the Ce 4f 0 configuration [10].
There hybridization also leads to appearance of a satellite
peak in the M5 and M4 absorption spectrum and not the
simple one peak spectrum expected from pure atomic multiplet
considerations [11].
These three processes should give rise to a spectral shape
of the Ce RIXS spectrum somewhat resembling the schematic
spectrum shown in Fig. 1(b). The SO splitting between the
2F5/2 and the 2F7/2 levels of the Ce 4f 1 configuration is
about 265 meV. The CEF splittings within the spin-orbit
level can amount from a few meV up to many tens of meV.
From these figures the Ce RIXS spectrum is expected to have
a two component structure, reflecting the 2F5/2 and 2F7/2
spin-orbit levels, with some substructure due to their further
splitting by the CEF. The shape and energy of charge-transfer
excitations depend on the details of the valence states and their
hybridization with the 4f orbitals but they can be expected to be
broad and located at higher energies. Typically charge-transfer
energies range from one to several eV.
The relative intensity of the three spectral contributions
should depend on the specific sample, the scattering geometry,
the photon energy, and the incident polarization. The amount
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of elastic scattering will furthermore be somewhat affected by
the quality and thus the reflectivity of the surface. It was the
aim of our experiment to study the RIXS spectra of several
cerium compounds with similar crystal structure and varying
CEF in order to understand the potential of RIXS to determine
CEF schemes in cerium and other rare-earth systems.
III. EXPERIMENTAL DETAILS
We present here RIXS data taken from three different
systems, Nd2−xCexCuO4 (NCCO) with a Ce doping level
x = 0.16, CeRu2P2, and CeCu2Si2, where Ce is in a tetravalent
(4f 0), weakly intermediate valent, and almost trivalent (4f 1)
state, respectively. Single crystals of CeRu2P2 were obtained
as a byproduct in the In-flux crystal growth of CeRuPO [12].
CeCu2Si2 single crystals were grown using a Cu-flux technique
[13]. CeRu2P2 is a slightly intermediate valent system, with a
characteristic energy of the 4f electronic system of the order
of kBT ≈ 17 meV, as evidenced by maxima in the electrical
resistivity ρ(T ) [14] and in the magnetic susceptibility χ (T )
[15] at 200 K. CeCu2Si2 is a very well known and intensively
studied Kondo lattice, being the first discovered heavy fermion
superconductor [16]. The NCCO crystals were prepared by a
modified flux flow method [17]. All three compounds grow in
a tetragonal crystal structure with D4h symmetry.
The RIXS data were taken at the ESRF beamline ID08 using
the AXES spectrometer. The scattering angle 2 was fixed at
130◦. The sample surface normal was always along the (001)
direction and the spectra were measured in normal emission.
All data were taken at low sample temperature, T < 30 K, in
order to avoid population of excited crystal-field levels. The
combined energy resolution of beamline plus spectrometer was
estimated for each measurement using the elastic scattering
from an amorphous carbon sample. It amounted to 250 ±
10 meV. X-ray-absorption spectroscopy (XAS) measurements
were performed under the same conditions measuring the drain
current from the sample.
Simulations were performed with a full multiplet calcula-
tion using the SOLID STATE PHYSICS package for Mathematica
[18]. The Slater integrals were obtained by atomic Hartree-
Fock values, with scaling factors of 60% for the 4f-4f and
80% for the 3d-4f Coulomb interaction [19]. The 4f spin
orbit splitting was set to 265 meV and the intermediate state
broadening was set to 0.5 eV.
IV. RESULTS AND DISCUSSION
We started out by measuring the RIXS spectrum from
NCCO and CeRu2P2 and comparing with the spectral shapes
expected from the discussion above. The almost tetra- and
trivalent 4f configurations have been confirmed by comparing
the x-ray-absorption spectra with those of a CeO2 and a CeF3
reference sample. The XAS data for the Ce M5 edge are shown
in the left panel of Fig. 2. Because of the strong tendency of
Ce ions towards a mixed valent configuration a pure Ce4+
configuration is rarely observed. Already the spectrum of the
CeO2 reference sample deviates from the expected simple
two-peak spectral shape. This could be due to contamination
of the reference powder sample or stabilization of Ce3O4 at
the surface. In NCCO, Ce serves as electron dopant for the
FIG. 2. Left: Ce M5 x-ray-absorption spectra of NCCO and
CeRu2P2 together with the Ce4+ and Ce3+ reference spectra taken
from a CeO2 and a CeF3 powder sample, respectively. Right: RIXS
spectra taken from NCCO and CeRu2P2. The incident photon energies
correspond to those marked with a circle in the absorption spectra.
All spectra were measured with π polarization of the incident beam.
copper oxygen planes [20] which stabilizes the tetravalent
configuration of the Ce ions. The XAS spectrum of CeRu2P2
strongly resembles that of trivalent CeF3 and thus confirms its
only weakly intermediate valent character.
The RIXS spectra of NCCO and CeRu2P2 are shown in
Fig. 2, right panel. They have been taken with the incident
photon energy set to the values marked by circles in the XAS
spectra (left panel). With each RIXS spectrum we also show
in gray a Gaussian at zero energy and 250-meV full width
at half maximum (FWHM), our experimental resolution, in
order to give a reference for purely elastic scattering. The 4f
RIXS spectrum of NCCO (blue solid line) does not differ from
the purely elastic scattering, at least within our experimental
resolution, as is expected for Ce4+ from the considerations
above. Tuning the incident photon energy towards the CT
satellite peak at ∼890 eV in the XAS spectrum (blue dashed
line) some inelastic intensity appears between 3- and 4-eV
energy loss. This intensity corresponds to charge-transfer
excitations reflecting the strong hybridization of the Ce 4f
with the CuO4 valence states.
In contrast, CeRu2P2 shows a more complex RIXS spec-
trum (red solid line) with a clear double structure at low
energies. The two peaks around 0 and 300 meV energy loss cor-
respond to the 2F5/2 and 2F7/2 spin-orbit levels, respectively.
The relative intensity of the inelastic contributions depends a
lot on the incident photon energy and is highest in the valley
between the two peaks in the XAS. Looking closer at the
spectrum there is some low intensity around 1 to 2 eV, too
high to be due to the CEF splitting. Like in the case of NCCO
this intensity can be assigned to CT excitations.
The fact that the CT excitations appear at much lower
energy compared to NCCO is consistent with previous results
on La compounds [21]. There it was argued that the energy
required for CT correlates with the electronegativity of the
atoms surrounding the rare-earth ion. This would explain
also the results of Watanabe et al. [22], who found lower
165134-3
A. AMORESE et al. PHYSICAL REVIEW B 93, 165134 (2016)
FIG. 3. RIXS spectra of NCCO (Ce4+), CeRu2P2 (Ce3+), and
CeCu2Si2 (Ce3+) together with calculations of the Ce3+ RIXS
spectrum for zero CEF.
energies for CT excitations in CeRh3 compared to CeO2 and
calculations by Nakazawa and Kotani [9].
From the data in Fig. 2 it becomes already clear that
excitations between different 4f levels are well seen in
RIXS and that the experimental data agree well with the
expected spectral shapes. It cannot be expected to resolve the
CEF splittings in the RIXS spectrum with the experimental
resolution of our experiment. This will be reserved for a new
generation of RIXS spectrometers with a resolution of the
order of the CEF splittings. However, even with the resolution
at hand we can detect differences between RIXS spectra taken
from systems with different CEF and to spectra calculated for
zero crystal field.
This is well seen in Fig. 3, where we compare the RIXS
spectrum of CeRu2P2 with that of CeCu2Si2. As a reference
for elastic scattering, we include the NCCO RIXS spectrum.
The CeCu2Si2 and CeRu2P2 spectra were taken at the same
photon energy marked in Fig. 2 in the XAS of CeRu2P2. The
gray line shows the Ce3+ RIXS spectrum calculated for zero
crystal field, i.e., SO interaction only. In this case the 2F5/2 and
2F7/2 levels are each fully degenerate and the resulting RIXS
spectrum has only two features. Apparently, this spectrum does
not describe the data well, in terms neither of peak positions
nor intensity ratios.
There are also clear differences in the 4f excitation
spectra of CeRu2P2 and CeCu2Si2. Both show a two peak
structure separating the 2F5/2 → 2F5/2 and the 2F5/2 → 2F7/2
excitations but the center of mass of the 2F5/2 → 2F7/2 peak
in CeRu2P2 is at notably higher excitation energies. The wider
splitting of the 4f CEF states could be due to more pronounced
CEF effects as a result of the stronger overlap of the Ru 4d
states with the Ce 4f orbitals compared to the Cu 3d.
In order to resolve the CEF states in the RIXS spectra it
is clearly necessary to obtain spectra with roughly an order
of magnitude better resolution. However, already from the
data at hand we can gain some information on the CEF
scheme. We demonstrate this in Fig. 4 with the example of
CeCu2Si2, for which the CEF field has already been studied
FIG. 4. Experimental RIXS spectra of CeCu2Si2 taken with π
and σ polarization together with calculated spectra for different CEF
parameters summarized in Table I. The calculated spectra have been
broadened with a Gaussian of FWHM = 250 meV, the experimental
resolution of our experiment, and 30 meV, respectively. The inset
shows a zoom-in around the low-energy excitations peak.
with INS and magnetic susceptibility as well as specific-heat
measurements. We show the experimental RIXS spectra in
circles for both π (linear horizontal) and σ (linear vertical)
polarization. The linear dichroism in the RIXS spectra is due to
the CEF induced anisotropy of the 4f orbitals. In gray we show
again the spectrum obtained in atomic multiplet calculations
for zero CEF, with the solid line corresponding to π and
the dashed line corresponding to σ polarization. The red line
shows the simulated RIXS spectrum using the CEF parameters
obtained from INS [23]. It is in much better agreement
with the experimental RIXS spectrum even though it still
underestimates the intensity of the 2F5/2 → 2F7/2 excitations.
The linear dichroism in the calculated RIXS spectrum is
much bigger than the experimental result. Looking at the
low-energy part of the π spectrum in detail one can see that
the 2F5/2 → 2F5/2 excitations peak is about 10–15 meV lower
in energy in the calculated spectrum than in the experimental
spectrum (see inset of Fig. 4).
The notable differences in the peak positions as well as
the relative intensity of the CEF excitations between the
experimental RIXS spectra and simulated spectrum indicate
that the CEF scheme proposed in [23] may need to be revised.
With the experimental resolution of our experiment and the
resulting broad structure of the 4f excitation spectrum it is
hard to determine the CEF scheme from our RIXS spectra.
However, compared to the INS parameters we obtain an
already much better agreement with our experimental data
using slightly modified sets of CEF parameters (green and
blue curve). The energy positions of the blue curves are in
excellent agreement with our experiment, but still do not
perfectly describe the intensity ratio between 2F5/2 → 2F5/2
and the 2F5/2 → 2F7/2 excitations. The corresponding CEF
parameters yield an energy of 33 and 41 meV for the lowest
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two excited CEF levels, in contrast to 28 and 29 meV proposed
from INS (red curve).
In the calculations, the CEF potential was expressed with
a linear combination of renormalized tesseral harmonics, i.e.,
tesseral harmonics free of any constant prefactor, following
Stevens [25]. The coefficients of the expansion, ˆAml = Aml 〈rl〉,
are free phenomenological parameters to be determined exper-
imentally. We used the ˆAml parameters instead of the historical
Stevens parameters Bml for the sake of universality: Stevens’s
approach is an (extremely good) approximation to calculate
the splittings within a multiplet of constant J when ECEF 
ESO, i.e., when the CEF does not mix the atomic multiplets.
But it leads to J -dependent crystal-field parameters. In RIXS
we are sensitive to both the 2F5/2 and 2F7/2 multiplets and
therefore we need to express the CEF potential in a way valid
for both J . It is always possible to change between the two
notations using the relation Bml = ˆAml θ (J,l), with θ being a J -
and l-dependent coefficient tabulated by Stevens [25].
For a Ce3+ ion in tetragonal D4h symmetry, the five
parameters ˆA02, ˆA04, ˆA44, ˆA06, and ˆA46 should be independent
and nonvanishing. However, the ˆAml parameters with l = 6 are
usually not considered. This approximation is strictly speaking
only valid when considering, with Stevens’s approach, excita-
tions within the J = 5/2 multiplet only. This is surely the case
in INS, but in practice it has shown its validity experimentally
also in the interpretation of Ce M4,5 XAS spectra [19,26–29],
where both multiplets contribute to the spectrum. With the
present resolution, we are insensitive to the fine effects of the
ˆA06 and ˆA46 parameters on the RIXS spectra, which is why we
have neglected them here. We list the parameters ˆAml used in
the calculations in Table I, together with the corresponding
Stevens parameters Bml for the lowest J = 5/2 multiplet.
A critical test of a set of CEF parameters is the comparison
of the calculated and measured magnetic susceptibility χ (T )
along main directions of a single crystal. The properties
which are the most sensitive to the CEF are the anisotropy
and the T dependence of the magnetic susceptibility χ (T ).
The anisotropy is very sensitive to the wave functions of the
different CEF doublets, especially to those of the CEF ground
state. The T dependence is sensitive to the energy split within
the J ground-state multiplet (for Ce J = 5/2). For CeCu2Si2
the anisotropy of χ (T ) and its T dependence has been studied
TABLE I. CEF parameters (in meV) used in the calculations
shown in Figs. 4 and 5, presented as coefficients of renormalized




B02 B04 |B44 |
O (zero CEF) 0 0 0
0 0 0
A (from INS [23,24]) 22.59 −0.68 71.34
−1.29 −4.3×10−3 0.45
B1 19.2 −1.57 94.5
−1.1 −1.0×10−2 0.6
B2 19.2 −2.3 118
−1.1 −1.5×10−2 0.75
FIG. 5. Magnetic susceptibility of CeCu2Si2 along the two
principal crystallographic directions together with calculated curves
for different CEF parameters summarized in Table I and using a
molecular-field constant of 110 mole/emu.
by different groups, with quite similar results. In Fig. 5 we plot
the experimental data χ−1(T ) obtained by Batlogg et al. [30]
for a field applied along the c direction and the basal plane
of CeCu2Si2. We computed the susceptibility expected for the
different CEF parameter sets in Table I using the SOLID STATE
PHYSICS code [18]. The parameters tuned to fit the RIXS results
reproduce the susceptibility of CeCu2Si2 along both directions
at least as well as the original parameter of the INS study and
thus fulfill an essential criterion for being meaningful.
However, the agreement with the experimental RIXS
spectra is still not perfect and the broad structures of our
experimental spectrum do not give high enough sensitivity
to changes in the CEF parameters to unambiguously pin
down the CEF levels. An improvement by a factor of 10 in
experimental resolution would be needed to resolve the CEF
splittings. At the bottom of Fig. 4 we show the simulated
spectra assuming a resolution of 30 meV instead of 250 meV.
This resolution has been achieved recently with the first
of a new generation of soft x-ray RIXS spectrometers and
will become available at other synchrotron facilities over the
next few years, too. At this experimental resolution a proper
experimental characterization of the CEF scheme in rare earth
becomes possible. One could also already expect to see a
broadening of some of the CEF excitations beyond the elastic
linewidth due to the large Kondo scale in many Ce Kondo
lattices. Such broadenings would be a direct consequence of
the dispersion of the 4f CEF levels observed in k-resolved
single-particle excitation spectra obtained by means of angle-
resolved photoemission spectroscopy [31].
V. SUMMARY
We have demonstrated the capabilities of soft x-ray RIXS
for studying CEF and spin-orbit excitations in Ce Kondo
lattices. Due to the weak coupling of the photons to the crystal
lattice RIXS does not suffer from the “phonon problem” of
INS. The spectra are well defined with strong 4f excitations
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between 0 and 400 meV and weaker charge-transfer excitations
at higher energies. All spectral features are well understood
within atomic multiplet calculations. For the Kondo lattice
CeCu2Si2 we have seen a discrepancy between the CEF
scheme determined from INS measurements and our exper-
imental data. A modified set of CEF parameters is able to
better describe our results. Improvements in the experimental
resolution to 30 meV or below, which have been demonstrated
very recently for the Cu L3 edge [32], will allow us to
unambiguously determine CEF schemes in Ce Kondo lattices
from soft x-ray RIXS measurements. RIXS could also be used
to determine the CEF in other rare-earth compounds where
INS experiments are difficult because of the high absorption
cross section of the rare-earth ions or small sample sizes.
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